
allowed to grow from these inputs. The model tracked horizontal
circulation and mixing, bacterial abundance and metabolic rate,
and changes in oxygen and hydrocarbon concentrations resulting
from metabolism. A general description of the model inputs fol-
lows, with detailed descriptions provided in SI Text.
To estimate the input of hydrocarbons from the ruptured

Macondowell into the deep plume horizon of 1,000–1,300mwater

depth, several available sources were used. We began with daily
flux estimates of oil and natural gas from the well based on ref. 1
and subtracted the daily recovery volumes reported from active
collection. We then identified 22 compounds that were observed
or inferred (from solubility) to have partitioned into the deep
plumes, and we estimated each compound’s daily emission from its
reservoir abundance (3, 4). For volatile compounds, the possible

Fig. 1. An analysis of the autoinoculation effect through comparison of two water parcels with single- (red) and double- (blue) exposure histories. (A)
Trajectories of two water parcels for 150 d starting April 23, 2010. (B) Time course of cumulative hydrocarbon input to the parcels at the proportions shown in
Table S1. (C) Time course of hydrocarbon flux into the two parcels at the proportions shown in Table S1. (D) Time course of dissolved oxygen concentration in
the parcels attributed to hydrocarbon respiration. (E) Time course of respiration rate linked to methane consumption in the two parcels. (F) Time course of
bacterial growth for organisms consuming methane (Met and Met′). (G) Time course of respiration rate linked to consumption of 25 nonmethane hydro-
carbons in the two parcels. (H) Time course of bacterial growth for organisms consuming 25 nonmethane hydrocarbons (excludes Met and Met′). Units for
bacterial abundance are shorthand for micromoles carbon per liter.
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doubling times for each of the 52 OMTs are provided in SI Text
along with the associated reasoning.

Results and Discussion
The model predicts that the 2 × 1011 g hydrocarbons injected into
the deepGulf ofMexico drove total bacterial productivity of 1011 g
C (� 1023 cells). Such productivity is sufficient to double the bac-
terial population in the deep plume horizon (1,000–1,300m depth)
over an area of 30,000 km2 and generate a regional oxygen
anomaly of 1012 g. Published observations suggest that this process
began within weeks of the initial irruption (9, 10, 13) and pro-
gressed over a period of � 120 d, by which point the natural gases
had been consumed and the fluorescence anomaly in the deep
plume had been strongly attenuated (2). These observations, made
during the DWH event, serve to ground truth our models’ pre-
dictions of the temporal and spatial distributions for microbial
growth and metabolism.
Under our model, when a water parcel first encounters a hy-

drocarbon source, a seed population of active hydrocarbon-
degrading cells, present at low abundance in all waters, begins to
grow. As growth progresses, OMTs outpace the influx of their
preferred substrates, giving sequential pulses of respiration as
different OMTs flourish and then fade (Fig. 1). The timing of
respiratory pulses is controlled primarily by the growth rates of the
responsible OMTs, initial abundance of active cells, and duration
of source exposure. The model shows initial pulses of growth and
respiration linked to butane and pentane followed by sequential
pulses from consumption of propane and other short-chain alka-
nes, ethane, aromatic hydrocarbons, and finally, methane.
By injecting the hydrocarbons into moving parcels of water, the

model generates a complex spatial pattern of bacterial growth and
metabolism (Movie S1) and reveals associated feedback mecha-
nisms. Tracking individual water parcels as they advect reveals that
many parcels come into contact with the hydrocarbon source on
multiple occasions (Fig. 1). A parcel’s first encounter with hydro-
carbons feeds staggered pulses of respiration and successive
blooms of individual OMTs (Fig. 2A), and residual hydrocarbon-

degrading OMT abundances remain elevated above background.
We apply the term autoinoculation to describe the priming effect
that occurs when hydrocarbons are introduced into such a pre-
viously exposed parcel. When hydrocarbons irrupt into the pre-
viously exposed parcel, the elevated abundance of hydrocarbon-
degrading OMTs allows simultaneous consumption of different
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Fig. 3. Impact of recirculation on hydrocarbon abundance, bacterial population, and metabolism. (A and B) Spatial distribution of bacterial abundance before
(A) and during (B) the early stages of an autoinoculation event. (C) Time course change in average abundance for bacteria consuming nonmethane hydro-
carbons and the average summed concentration of these chemicals integrated over the computational domain. (D and E) Spatial distribution of hydrocarbon
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a significant portion of the bacterial community, even with no de-
tectable oxygen anomaly (e.g., respiration of 0.05 μM CH4 yields
a maximum oxygen anomaly of 0.1 μM, below the detection limit;
the resulting bacterial biomass, a maximum of 0.025 μmol C LŠ1,
would constitute up to 20% of the background community with no
apparent oxygen anomaly, consistent with our previous observa-
tion) (2). Hazen et al. (13) observed that, on May 30, 90–95% of
the microbial community in the peak plume horizon southwest
of the wellhead was Oceanospirillales; the model predicts � 80% of
the bacterial population as OMTs mapped to Oceanospirillales at
this place and time (Fig. 5). Likewise, column-integrated bacterial
productivity in the deep plume at this place and time was modeled
to be 0.16 mol-C mŠ2 (ranging from 0.05 to 0.50 mol-C mŠ2 within
5 km); this finding is in good agreement with the calculated value of
0.20 mol-C mŠ2 based on a 3.9 × 107-cells LŠ1 density of Ocean-
ospirillales (13), cell carbon content (Table S1) of 5.0 × 10Š13 g-C
cellŠ1, and local plume thickness of 120 m (13). The locations of
observed oxygen anomalies were also consistent with model results
as in Movie S2. In this simulation, we compare the presence or
absence of oxygen anomalies from 190 hydrocasts conducted during
the time of active discharge (2, 7–10, 13, 26) with the contempo-
raneous model output.We find a 72%match rate; kilometer-scaled
heterogeneity may account for up to 93% of the remaining obser-
vations for which the model incorrectly predicted as anomalies.
Nonetheless, some discrepancies are apparent between model

and observation, particularly as the time course modeled grows
longer. Most notably, the model underpredicts the velocity of
plume migration in August and September of 2010, with a con-
current latitudinal offset; although the model properly moves the
plume to the southwest, observations show the plume arriving � 2
wk earlier and � 20 km farther south than the model’s prediction.
The model also fails to capture the small-scale spatial heteroge-
neity apparent from response efforts. This discrepancy is attrib-
utable to the model’s � 4-km grid size, the Gaussian input of
hydrocarbons, and the even distribution of hydrocarbons within
the depth horizon. Unfortunately, because sampling typically tar-
geted the anomalies, local heterogeneity also complicates direct
comparison of model output and chemical data. Although model
tuning improves our ability to match observations, we find great
use in explaining biogeochemical andmicrobiological observations

from fundamental principles of chemistry, microbiology, and
ocean physics without the need for tuning or optimization.
In light of the model’s overall success, we considered how it

might inform the interpretation of results from previous studies.
First, the inclusion of physical dynamics corroborates a previous
hypothesis (23, 25) for why the extensive and persistent oxygen
depletion predicted in the deep plume horizon by Joye et al. (9)
was not observed. Second, the physical dynamics also suggest a
more complex flow field than the laminar flow used by Hazen
et al. (13) to estimate hydrocarbon half-lives associated with the
bloom, thus calling the accuracy of the reported half-lives into
question. Finally, the modeled flow regimen predicts that a sinu-
ous plume similar to the plume identified in the work by Camilli
et al. (7) may not have come directly from the wellhead but rather,
had first traveled northeast before recirculation to the southwest
(Fig. S1). Although its predictions cannot be conclusive, this
model, thus, provides a useful holistic context for the inter-
pretation of biological, chemical, and physical observations.
Our results suggest that currents and mixing processes acceler-

ated hydrocarbon biodegradation and structured microbial ecology
during the DWH event through priming of the native microbiota
residing in water parcels that recirculated around the ruptured well.
Although memory effects are common in enclosed environments
and physical processes are known to shape microbial biogeography
(27), we suggest that such a dynamic autoinoculation effect may
be of broad importance to deep ocean environments. The impacts
on ocean biogeochemistry and microbiology may encompass point
sources, such as hydrothermal vents and hydrocarbon seeps, but
may also include suboxic water masses, organic-rich sediment
deposits, flushing of silled basins, and regions receiving high-export
flux. For ocean waters susceptible to contamination from events
such as the DWH, a major challenge remains to predict how
physical dynamics, chemistry, and microbiology interact to set the
timescale and extent of the microbial response.
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